A strong haze event occurred between 21 and 25 March in which the optical depth from ground-based observation was 0.18, which was significantly greater than the background value of 0.06. Airborne measurements on 23 March during this haze event showed a high aerosol layer with an extinction coefficient of 0.03 km −1 or more up to 3 km and a scattering coefficient from 0.02 in the same altitude range. From the chemical analyses of airborne measurements, sulfate, soot and sea salt particles were dominant, and there was a high mixing ratio of external soot particles in some layers during the haze event, whereas internal mixing of soot in sulfate was noticeable in some layers for the background condition. We argue that the high aerosol loading is due to direct transport from anthropogenic source regions. In this paper we focus on the course of the haze event in detail through analyses of the airborne and ground-based results.
Introduction
Atmospheric aerosols play an important role in global climate change due to their influence on direct and indirect radiative forcing. However, their various influences are not well determined yet, especially in polar regions. Indeed, there are uncertainties about the impact of aerosols on the climate of the 20th century, the present climate and the potential impact on future climate (IPCC, 2001) . Moreover, climate studies are partly limited by a lack of knowledge about the geographical and seasonal variations of aerosol properties and composition. Schnell, 1984; Heintzenberg, 1989) . The highest aerosol concentrations were recorded in the Arctic spring and a strong seasonal variability of the aerosol burden was observed (Shaw, 1982; Bodhaine and Dutton, 1993; Herber et al., 2002; Ström et al., 2003) . Information on Arctic aerosol characteristics is still limited due to the scarcity of observations. Moreover, few data sets exist that give a complete picture of the temporal, vertical and horizontal variation of Arctic aerosols and also the characteristics of the aerosols; thus, more data are needed for modelling and radiative transfer calculations.
The aim of the ASTAR 2000 campaign was to produce a valuable dataset on the temporal and vertical aerosol characteristics near Svalbard in the European Arctic. An advantage of the 2-month campaign was that it provided synchronized groundbased and airborne activities for a wide range of aerosol measurement systems. Moreover, long-term aerosol measurements accompanied the campaign. Thus, we obtained data on the optical, chemical and microphysical properties of the aerosol as well as long-term trends. With the data acquired to date and those which continue to come in, it will be possible to derive the required input parameters for models such as the regional climate model HIRHAM (Dethloff et al., 1996) to assess the climatic impact of Arctic aerosol.
Experimental design and instrumentation
The field campaign operated from 12 March to 25 April 2000 with flight operations from 15 March to 20 April. Aircraft measurements were made using the German research aircraft POLAR 4 (Dornier 228-101) of the AWI (Alfred Wegener Institute for Polar and Marine Research). Longyearbyen airport was the operational base for all flight activities. Details of the flight locations are listed in Table 1 . The airborne and ground-based measurement systems at Ny-Ålesund are compiled in Table 2 . The ground-based measurements included remote sensing by LIDAR, sun photometer and sky radiometer. Figure 1 shows the overview of the operational area. Due to the project tasks, the flight operation required special flight conditions up to 25 000 ft and took place under cloudless conditions (Hoff, 2000) .
Whenever the meteorological situation was favourable for the measurements, we obtained aerosol profiles close to the groundbased systems at Ny-Ålesund. This strategy was chosen to allow us to check how well the time-limited flight measurements represented the aerosol loading for the whole day. Furthermore, this allowed us to compile information on aerosol characteristics below the first flight level. In addition, long-term aerosol measurements at the ground sites were used to ensure that the campaign period represented the aerosol loading during the Arctic spring.
The field experiment also offered the opportunity to acquire data for a comparison with satellite data such as SAGE II (Stratospheric Aerosol and Gas Experiment). Measurements by SAGE II in the Arctic are generally limited by ERBS orbital considerations because SAGE II only has measurement above 70
• N during April and August. Flights on 17 and 19 April were made to compare aircraft data with those from SAGE II. Early results are given in Thomason et al. (2003) .
Results and discussion

Ground-based observations
The first step in analysing the data was to define the different atmospheric conditions occurring with the aid of the sun photometer measurements in Ny-Ålesund. This was useful because the measurement period of the airborne campaign showed variation in the aerosol loading near Svalbard. A background situation is characterized by an aerosol optical depth (AOD) of δ aer (λ) < 0.06 whereas an Arctic haze event is defined to occur when δ aer (λ) > 0.1 at 500 nm (see Fig. 2 ). Based on this AOD classification, three Arctic haze events occurred during the campaign: the periods around 23 March, 1 April and 12 April. An unexpected finding is that sometimes the AOD changed very rapidly from day to day. Figure 2 also shows the AOD data, measured from the POLAR 4 at the lowest flight level of 200 ft very close to Ny-Ålesund. During the campaign, the frequency of "Arctic haze" situations observed by sun photometer measurements was 40%. These results are consistent with long-term ground-based sun photometer data from Ny-Ålesund (Herber et al., 2002) . On the other hand, the stratospheric AOD is currently δ strat (λ) < 0.005 at 525 nm and thus negligible for this discussion (Thomason et al., 2003) . The above findings are consistent with the scattering coefficients by the ground-based nephelometer and particle number concentrations by differential mobility particle sizer (DMPS) and optical particle counter (OPC) measurements from Zeppelin Mountain and Rabben Station (Fig. 3) . To understand this classification, ground-based chemical analyses were also compared (lower part of Fig. 3 ). The largest haze event occurred at the beginning of the campaign between 21 and 25 March 2000. We focus on this period to describe the course of a typical haze event during the campaign. We compare the airborne measurements on 23 March, a typical haze case, with those of 26 March, a typical background case. Large increases in the particle light scattering coefficient and particle number concentration occurred at both ground-based sites during the haze days (Fig. 3) . The values increased rapidly on 21 March and decreased after 25 March. The mean hourly values during the haze event were more than two to four times higher than those before and about halved after the haze event (see middle part of Fig. 3 for the corresponding mean concentrations). An example of the ground-based impactor analysis is shown in the lower part of Fig. 3 (from Kriews and Schrems, 1998) . The mean concentrations of several anthropogenic trace elements (such as Cu, Pb and Ni) at Rabben station peaked during the haze period. Also, the wind speed at the ground decreased by almost 50%, the main wind direction changed and the air temperature decreased. These changes indicate that the transport path of the air mass reaching the Svalbard area changed at the end of March. 
Atmospheric circulation fields and trajectories
As large-scale meteorological transport systems may have considerable influence on aerosol loading, we analysed the overall meteorological situation during the haze period. The major synoptic pressure system showed an intrusion of Atlantic air masses into the Arctic around 17 to 19 March. That can be seen in the synoptic chart of the 500 hPa height field (Fig. 4) . Thus, this northeastward flowing surge of air was likely responsible for the low aerosol concentration at Svalbard around 20 March. On 22 March, a distinctive low-pressure system southeast of Svalbard was established with a primarily northeasterly wind flow pattern. This pressure system remained stable and persistent until 24 March. During the time of the highest aerosol loading, the low moved and expanded southeast. On 25 March, the Svalbard area became more influenced by air masses coming from the northwest. By 26 March the area was dominated by northwesterly flows. Furthermore, three-dimensional (3-D) backward trajectory analysis was done to examine the origin of the air parcels (Fig. 5 ). For the trajectory calculation, we used the 3-D winds from ECMWF operational analysis data with a horizontal grid spacing of 2.5
• . A linear interpolation method was used for latitudes and longitudes. The vertical interpolation was also made linearly in the log-pressure coordinate. The backward time integration was made over 5 d with a fourth-order Runge-Kutta scheme. The time step was 1 h, which should be sufficiently small because a time step of 30 min gave about the same results. A cubic spline method was used for time interpolation. All calculations used a starting time of noon. Thomason et al. (2003) For 20 March (upper left in Fig. 5 ), the backward trajectories show intrusion of a warm air mass from the Atlantic Ocean. Three days later, on 23 March, the backward trajectories show that the air masses in the operation area came from central Siberia and the northern part of Europe and were thus affected by anthropogenic pollution released there (Iversen and Joranger, 1985; Raatz, 1991) . The 3-D transport model calculations by Engardt and Holmén (1999) also show that anthropogenic pollution from Siberia can affect the aerosol loadings measured at Ny-Ålesund. According to the trajectory analysis, the aerosol loading on 26 March (upper right in Fig. 5 ) was not directly affected by mid-latitude emissions. The airflow came from the northwest, which agrees with the overall meteorological situation mentioned above. Therefore, we conclude that the various different aerosol properties and characteristics measured before, during and after the haze period are due to changes in the largescale air mass. The influence of changes in the meteorological circulation pattern on the measurement results is clearly seen in Fig. 3 , in agreement with the trajectory climatology reported by Eneroth et al. (2003) .
Vertical profiles from the surface
The parallel run of the curves for the scattering coefficient, and the particle number concentration at Rabben and Zeppelin in Fig. 5 are consistent with such a layer because they show a stable atmospheric layer during the haze period. For 23 March, the first 2 km were characterized by low wind speeds of mean value 3.3 m s −1 . The relative humidity is roughly uniform at about 47% up to a height of 4 km, which indicates a thick well-mixed layer. In contrast, the relative humidity on 20 March is high in the boundary layer and very low above 2 km (Fig. 5) . On 26 March, both the mean relative humidity (73%) and the wind speed (7.9 m s −1 ) up to a height of 4 km were much higher than that during the haze event. The aerosol layer during the haze period appeared to travel in dry air masses. The wind direction on 23 March was northeasterly, which was already shown in the large-scale meteorological air flow pattern as well as the trajectory paths. The aerosol extinction coefficient at 532 nm based on LIDAR measurements (Table 2 ) supports these findings. Figure 6 shows the layer thickness, the aerosol layer stability for 2 d, and a breakdown in the middle of 25 March. A stable aerosol layer up to a height of about 4 km occurred during the haze event, which corresponds with the weather analysis. The ground-based sun photometer measurements (Table 2) , which provided column information on the aerosol loading, show an AOD of about 0.18 on 23 March and then an AOD of 0.13 until 10:00 on 25 March. Then, a significant change occurred in the aerosol loading of the atmosphere during 25 March (Fig. 6) . The aerosol optical depth at 532 nm decreased from around 0.12 in the morning to 0.05 in the late afternoon. This decrease must be due to a change in the air mass. Early on 25 March, the air at various pressure levels came from northern Europe and the air masses were therefore characterized by midlatitude emissions (not depicted). Later in the day, the air masses in the observation area came from the northwest (not shown). In summary, the combination of various measurements in the campaign provided a consistent picture of the aerosol conditions and sources.
Vertical profile from airborne observations
The ASTAR campaign provided the opportunity to make simultaneous aircraft measurements for 19 d (see Table 1 ). From the discussion of the ground-based measurements above, we concluded that the flight activities during the course of the haze event represented the aerosol loading of the day under consideration. The aircraft observations gave the vertical structure of aerosol extinction, absorption, scattering coefficients and particle number concentrations, independently, as well as the heightdependent chemical composition from impactor measurements from approximately 60 m above sea level (asl) up to a height of approximately 7500 m asl.
We now discuss the flight measurements of the vertical aerosol characteristics during and after the haze event on 23 and 26
Tellus 57B (2005), 2 March (see Fig. 7 ). The sun photometer measured the optical depth for the column of air above the plane at seven or eight levels. Differences in the optical depths at adjacent levels determine the layer extinction. The in situ aerosol measurements by the OPC, nephelometer and particle/soot absorption photometer (PSAP) were made for the sampled air introduced into a diffuser before being distributed to each instrument (Table 2 ). The extinction coefficients at 532 nm from the sun photometer measurements are in good agreement with those derived from in situ measurements (scattering coefficient by nephelometer plus absorption coefficient by PSAP). For both days, a substantial aerosol layer occurred in the lowest 3 km, although the measured extinction coefficients on 26 March were around 60% less than those on 23 March (Fig. 7  top) . On 23 March, the extinction coefficient is about 0.04 km The scattering and absorption coefficient profiles show a structure similar to that for sun photometer extinction; however, the extinction coefficient derived from these two scattering and absorption coefficients seems to underestimate slightly the extinction coefficient from the sun photometer (middle and bottom of Fig. 7) . On 23 March, the scattering coefficients are about 0.02 and 0.03 km −1 up to 3.5 km, and then decrease to less than 0.01 in the 4 km layer, and then to less than 0.002 km −1 at higher levels.
On 26 March, the scattering coefficients in the lowest 2 km are about 0.01 km −1 , and the values rapidly decrease above 2 km;
however, a slight increase occurs near 5 km such that the values at this height exceed those for 23 March. The absorption coefficient profiles have larger variability, partly due to the large experimental uncertainties. Nevertheless, the data show that 23 March has greater absorption than 26 March for heights up to 3 km (the respective values are about 0.003 km −1 and 0.001 km −1 or less, except that 26 March has a peak just above 3 km that is comparable to that of a slightly lower altitude on 23 March). From these scattering coefficients and absorption coefficients we estimated the single-scattering albedo. The single-scattering albedo ranged between 0.85 and 0.9 for the first 3 km on 23 March, and for the upper layer varied between 0.75 and 0.95. These are consistent with other measurements. Clarke et al. (1984) reported a single-scattering albedo in the range of 0.77 to 0.93 with a mean value of 0.86 for a haze case in 1982 at Barrow; and Clarke (1989) reported similar values for the scattering and absorption coefficients from the measurements of AGASP II in 1986 at Barrow. On 26 March, the single-scattering albedo ranged between 0.74 and 0.92, except for one layer which was 0.56. From the point of vertical profile, aerosol loading in the lowest layer is common in the background case; however, Arctic haze events are characterized by larger aerosol loadings in mid-troposphere. The shapes of the curve for 23 March in Fig. 7 , obtained from the airborne measurement at about 12:00 UT, agrees with the simultaneous LIDAR measurements, which showed a stable aerosol layer up to about 2.5 km (see Fig. 6 ). This aerosol layer is present in both profiles. Moreover, for this aerosol layer, a 60% reduction in extinction coefficient between the two days was calculated. On 23 March, the absorption and scattering coefficient profiles showed a significant second layer between 2 and 3 km, which was well represented by the LIDAR profile. Values found (Treffeisen et al., 2004) . For the extinction coefficient, the value of the mean measured layer is marked and the vertical steps in the curves show the layer thickness. The continuous scattering and absorption coefficients are averaged over a height of 100 m. The profile of the scattering coefficient is humidity-corrected based on a method by Hegg et al. (1996). for the scattering coefficient in the first flight levels were similar to the surface results from Zeppelin and Rabben.
Other useful information on the height-dependent aerosol variation can be obtained by analysing the aircraft OPC measurements. Figure 8 shows the aerosol particle number concentration as a function of height for four size ranges. As expected, the particle number concentration profiles differ between the two days and are consistent with the optical measurements. The profiles for particles larger than 1 µm (not shown here) and sizes of 0.5 to 1.0 µm indicated a continuous decrease with altitude for both days. The size ranges 0.3-0.5 µm and 0.2-0.3 µm, which are relevant to the optical properties in visible radiation, were well structured and thus matched the layer structure recorded by the absorption and scattering coefficient profiles. On 23 March, the particle number concentrations in both size ranges showed a gradual decrease from the surface to 2 km, then a high-concentration layer at 2-3 km and again at 3-4 km, which is similar to the vertical profile of the scattering coefficient. For these size ranges, particle number concentrations are lower on 26 March (Fig. 8) . On 26 March, there is a gradual decrease from the surface to 1 km, a small increase at 1-2 km, a great reduction at 2 km, and a small increase at 5-6 km that shows a little larger value than that on 23 March. The size range of 0.1-0.2 µm is an exception; the profiles were rather different from those of extinction, scattering and absorption coefficients and for the first 3 km the particle number concentration for 26 March was larger than that for 23 March. The profile on the 23 March was smaller in the lower level and generally increased up to 4 km, whereas on the 26 March the profile showed a gradual decrease, but both profiles were more uniform than those in other size ranges.
One of the aims of the project was to obtain an Arctic spring aerosol data set. Thus knowledge of the height-dependent chemical composition from aircraft measurements is essential (e.g. for estimating the aerosol mass mixing ratio). The main results of the entire airborne impactor measurements have already been discussed in detail in Hara et al. (2002 Hara et al. ( , 2003 . The findings for 23 and 26 March are as follows: the main components were sulfate, soot and sea salt particles; smaller components include a small number of mineral dust particles. Sulfate particles were the most dominant component. This observation agrees with previous results on Arctic spring aerosols (Heintzenberg and Lack, 1994) .
However, the height-dependent relative number concentration differed for both days. For the haze condition on 23 March, a relatively high proportion of externally mixed soot particles were found, and on 26 March there were a significant number of particles with an internal mixture of soot in sulfate. Sea salt was observed in both cases in the lower troposphere, and the relative abundance was similar. For 23 March we conclude that the first 3 km were mainly dominated by sulfate particles and the layer above had an external mixture of soot. This correlates with the measured absorption coefficient, which showed increased values near 3 km (Fig. 7, bottom) . This also corresponds to the increased particle number concentration for smaller particles in this height range (Fig. 8, bottom) . The aerosol particles associated with direct transport from anthropogenic source regions (23 March) contained a high concentration of small external mixed soot, whereas air masses with a longer residence time in the Arctic (26 March) contained significant amounts of internal soot mixtures even though the total particle concentrations were very low compared with the haze situation on 23 March. These internal soot mixtures are of special interest due to the fact that they might have a larger influence on radiative forcing at high latitudes than external soot mixtures (Myhre et al., 1998) .
Summary
This paper reports on the results for a distinct haze event during the ASTAR 2000 field campaign conducted in March and April 2000 in the Svalbard area. During ASTAR, intensive flight activities and coordinated ground-based measurements were performed. The influence of large-scale meteorological changes was reflected in both the airborne and ground-based measurements. All measurements complemented one another and gave a consistent picture of the aerosol characteristics during the haze event on 23 March. The results showed the available capacity of the campaign to gain a valuable data set for spring Arctic aerosol characteristics.
The campaign provided a wide range of various independent optical, chemical and physical aerosol parameters with a high vertical and horizontal resolution. With this data set we could describe the spatial and temporal variability of aerosols near Svalbard in the European Arctic. One goal for the ASTAR campaign was to derive the necessary input parameters afterwards for radiative transfer calculations and modelling by combining all measured aerosol information.
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